The overall accuracies of SSTs using the coefficients from NESDIS or newly-derived coefficients optimized to the East Sea were estimated to be less than 1.0˚C (Park et al., 1994; Park et al., 1999 ). An important problem related to the characteristics of SST errors was pointed out that SSTs retrieved from the NOAA/NESDIS equations for the previous NOAA satellites induced significant errors in the East Sea. The validation of SST products should be continuously conducted by monitoring their errors.
Thus, it is needed to assess the accuracy of SSTs from the recent NOAA satellites. Fig. 1 shows an example of a composite image of SSTs in the study domain of this study (17.5-62.5˚N and 110.5-157.5˚E). The SSTs extend from very low temperatures of less than 3˚C along the Russian coast to extremely low values of about 1˚C or less in the Okhotsk Sea. Considering the large spatial and temporal differences of SSTs (Yashayaev and Zveryaev, 2001; Park et al., 2005) , we selected all the seas around Korea as a study region by including the Northwest Pacific Ocean.
The objectives of this study are (1) to produce a matchup database between satellite data and drifter data as in-situ measurements, (2) to evaluate the accuracy of SSTs using NOAA/NESDIS coefficients in the seas adjacent to Korea, and (3) to understand the characteristics of SST errors.
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Data

1) NOAA/AVHRR Data
We have obtained AVHRR data of 17, 18 , and 19 from Research Institute of Oceanography (RIO), Seoul National University (SNU) and National Meteorology Satellite Center (NMSC), Korea Meteorology Association (KMA). Table 1 presents the information of the AVHRR bands.
Instantaneous Field Of View (IFOV) of AVHRR is about 1 km at nadir. Both albedo data and brightness temperatures were used in the subsequent procedures of cloud removals and the estimation of SSTs (Table 1) .
Since we were interested in the accuracy of satellite-observed SSTs for recent years, we selected NOAA data observed in 2009. For the previous NOAA satellites to NOAA-14, the accuracies of SSTs were already reported by Park et al.(1999) . However, we used all the NOAA-18 and NOAA-19 data because both the data could possibly reflect the seasonal characteristics.
2) Satellite-tracked Drifter Data
Many kinds of in-situ oceanic measurements can be obtained from diverse equipments such as satellite-tracked drifters, moored buoys, CTD (Conductivity, Temperature, Depth), or other thermister measurements conducted at research vessels. In overall, water temperatures by ships and moored buoys correspond to bulk temperature and those were usually measured at different depths. It is necessary to obtain high quality in-situ measurements at similar water depths. In light of this, we selected only the drifters of which the temperature sensor kept almost the same depth (~20 cm) from the sea surface.
The satellite-tracked drifter data were obtained from Global Telecommunication System (GTS) data operationally used at KMA. For the most part, the precision of the drifter temperature is estimated to be fairly good for the validation of satellite-observed temperature. We collected the vast GTS drifters amounting to 713,179 in 2009 and sampled the data for the present study area as shown in Fig. 2 , of which the colors denote the months of drifter measurements.
Most of the drifters were concentrated on the Kuroshio region in the Northwest Pacific. One of the most important advantage of the GTS drifter data is that the data can be measured simultaneously with the observations by NOAA satellites. 
Method
1) Collocation Procedure
We have generated a matchup database between AVHRR data and drifter data as in-situ observations.
The overall flowchart of collocation procedure was presented in Fig. 3 
2) Removal of Pixels with Poor Angle Geometry
There are four angles related to geometry between a satellite and the sun such as a satellite zenith angle, solar zenith angle, solar reflection angle, and scattering phase angle. In order to eliminate a poor quality of SST induced by the poor geometry of satellite observation, we used the satellite zenith angle and the solar reflection angle. If the satellite zenith angle becomes large, the atmospheric path of radiances from the sea surface becomes elongated. If the solar reflection angle becomes small, the radiance reflected on the sea surface gives a sun glint on satellite. Thus, pixels with satellite zenith angle over 60˚ or solar reflection angle under 15˚ were excluded from the following steps to reduce errors (Bernstein, 1982) .
3) Removal of Cloud Pixels
Since all the types of clouds are colder and more reflective than the ocean surface, the removal procedure of cloudy or cloud-contaminated pixels has been developed by giving thresholds on the reflectance and IR brightness temperatures. A series of uniformity tests were performed for the matchup data. -666- transparent cirrus clouds based on the method suggested by Závody et al.(2000) .
In case of nighttime data, most of the procedures were the same with the daytime case except for the procedure of the albedo data. The daytime thresholds were empirically determined as described in the previous researches (Saunders and Kriebel, 1988; Park et al., 1994) .
4) Estimation of SST
We selected two representative algorithms, MCSST and NLSST, developed by NOAA/NESDIS (McClain et al., 1985; Walton, 1988; Walton et al., 1998) and used their coefficients to assess the accuracy of SSTs in the study region. The MCSST algorithm has a fundamental equation as the following form:
where q is a satellite zenith angle and T 11 , T 12 are brightness temperatures for channel 4, 5 of AVHRR, respectively. Walton et al.(1998) 
where T sfc is the first-guess SST. In this study, we used MCSST as a priori T sfc . Table 2 presents the coefficients of split-window MCSST and splitwindow NLSST for daytime and nighttime satellite passes used in this study.
Results
1) Matchup Database
After the removal procedures of bad pixels with clouds or poor angles, a total of 1,070 matchups were remained in the matchup database (Table 3) . Table 3 Accuracy Assessment of Sea Surface Temperature from NOAA/AVHRR Data in the Seas around Korea and Error Characteristics -667- it is important that the matchups should be uniformly distributed over the entire region both in terms of space as well as time. As shown in Fig. 4 and Fig. 5a , the months of the collocation data tended to be concentrated in spring and autumn. In the East Sea, although there were many matchups, they were Fig. 4a-4d and Fig. 4h .
The histogram of the monthly distribution of matchup points in Fig. 5a revealed that the maximum frequency of the matchup numbers was found in
October and the minimum from November to January next year. The latitudinal distributions of the matchups were abundant at mid-latitude regions, especially around 25˚N and 38˚N (Fig. 5b) . By contrast, none of matchups was detected at high latitude regions because of a few drifters.
2) Accuracies of SSTs
By using the brightness temperatures and NESDIS coefficients, the accuracies of MCSSTs and NLSSTs were estimated. (Fig. 6c, 6d) . Most of the collocation points were concentrated at a relatively high temperature range from 15˚C to 32˚C. By contrast, there were only a few SSTs near 3˚C. This indicates that more in-situ observations should be uniformly made even at low temperature ranges from 3˚C to 1.5˚C to enhance the accuracy of satellite SSTs. Since the study region included the Okhotsk Sea and the Russian coast in the East Sea with extremely low temperatures below 0˚C in winter, it would be more important to deploy the drifters in the seas. et al., 1985; Walton, 1988; Vazquez et al., 1994; Walton et al., 1998) . However, the individual points of the matchup database indicated that many of individual SSTs from satellite observations were deviated from oceanic insitu measurements by greater than 1˚C. Especially, nighttime satellite-observed SSTs tended to be Korean Journal of Remote Sensing, Vol.27, No.6, 2011 -670- (Fig. 7) .
SST errors (rms, bias) for each satellite and algorithm were listed in Table 4 . Most of rms errors for day passes were smaller than night passes. This may be partly related to difficulty to eliminate cloudcontaminated pixels because of unavailability of visible channel data at night. NLSST algorithm was evaluated to be slightly more accurate than MCSST algorithm as presumed from the rms errors in Table   4 , but no significant improvement unlike the previous literature (e.g., Walton et al., 1998) . Although NOAA-19 matchups could not include the first half of 2009, the errors satisfied the reasonable limit of less than 1˚C. Daytime NOAA-18 NLSSTs showed the smallest rms error by 0.6817˚C followed by NOAA-17 MCSSTs 0.7502˚C. In overall, the rms errors were of less than 1 as similar to the previous literature for global ocean or local seas. with the previous research of Park et al.(1994) performed in the East Sea.
3) Characteristics of SST Errors
The satellite SSTs have been reported to have dependency on the moisture amount in the atmosphere (e.g., Walton, 1988; Park et al., 1994; Park et al., 1999) . For daytime passes, the errors seemed to be decreased as wind blew increasingly. By contrast, those errors tended to be slightly increased as wind speeds increased. Donlon et al.(1999) characterized the wind dependence in the comparison between satellite SST and shipboard bulk SST measurements. The most positive wind effects on SST were found when wind speeds occurred at the low range of less than 5 m/s (Fig. 10a) . In nighttime, the wind forcing was likely to become less important when wind blew strongly.
SST changes seemed to be less sensitive to wind effects for high winds of greater than 15 m/s, whereas they were more or less underestimated at low winds of less than 7 m/s (Fig. 10b) .
The dependence of SST errors on wind speeds, particularly at low wind speeds, primarily originated from the skin-bulk differences due to changes in the vertical stability of water column. Details about regional dependence on differences between drifter measurements and CTD temperature measurements were depicted in the previous literature (e.g., Donlon et al., 1999; Park et al., 2008) .
Summary and Conclusion
In this study, we produced a total 1,070 matches of co-located and co-temporal NOAA satellites 17, 18, and 19) and drifter data in 2009.
The error estimates of all satellite-derived MCSSTs and NLSSTs by NESDIS coefficients indicated that satellite-observed SSTs showed a reasonable agreement with drifter temperatures on average.
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In addition, this study presented that satellite- Wind forcings also presented their influences on SST errors, particularly at low wind speeds of less than 5 m/s. Since there were not too many wind observations by drifters in this study, the tendency of SSTs on wind speeds might not be robust. However, in spite of the small number of the wind measurements, the general trend were coincident with the previous research (Donlon et al., 1999) on the different response of the skin-bulk SST differences to wind forcings.
During El Niño and La Niña years, SSTs in the northeast Asian seas were reported to be much deviated from SSTs in summer and winter than those in the normal years (Wang et al., 2000; Wang and Zhang, 2002) . Since a severe El Niño event occurred during the study period, for more details, a better and more matchups between satellite and in-situ measurements should be collected by extending the matchup database for a longer period.
SST is one of the most important oceanic and atmospheric parameters for diverse applications such as understanding of oceanic processes, air-sea interactions, fisheries, weather forecast, and so on. In light of this, it should be continuously validated to keep a required accuracy for the diverse applications.
The characteristics of SST errors should be also investigated and understood. Without deep understanding on the errors, applications of SSTs should be limited as evident from the amplification of erroneous SSTs in the numerical models and data assimilation procedure.
NOAA satellites will be successively launched in the future. Although NESDIS will produce SST coefficients continuously, efforts for regional validation should be consecutively made by conducting cruise campaigns for in-situ temperature measurements and persistent deployment of drifters.
This study addressed the necessity of the SST equations optimized to the local seas around Korea from the viewpoint of regional purposes.
